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ABSTRACT Heparin preparations from pig intestinal rnu- , . MATERIALS AND METHODS 

cosa and from bovine lung were separated by chromatography ‘ : • . . . _ . 

on antithiombin-Sepharose into a tush-affinity fraction (with Materials- Heparin (stage 14) from pig intestinal mucosa ^as 

high anticoagulant activity) and a low-affinity fraction (with obtained from inolex Pharmaceutical Division (Park Forest 

low anticoagulant activity). Antithrombin-binding heparin ‘ South. ILK Heparin from bovine lung was kindly donated bv 
fragments ( li^fi monosaccharide un itt\were prepared, either the Upjohn Company (Kalamazoo. MI). Both preparations were 

by uige>, inc.auh.ifj>;afnnit>"heparin-ant;vh*z>mb;n complex with purified bv repeated precipitation with cetvlpyridinium 

bacteria! r.- r .ann»e or by partial deamii.ative cleavage of the chloride f.ocn 1.2 M NaCl (S). Samples (50 m?) were fractiou- 

u. a.ractionateu nolvsaccharide with mlro.us acid followed bv - j . , . F f x 

a::,nity chromatoRnphy on immobilized antithrombin. Com- b ? “ f,K * cfamnrt^ on a lO-ml eclumr. ct sell- 

positional analysis based on separation and identification of ; thrombin cosai^ntly linked to Sepharose (9). typical sepa- 
deamination products reduced with scd : uin boroJ^IIjliydride ration of mucosal heparin is illustrated in Fig. 1. iung Heparin 

shelved th.it nonsuifated L-iduronic aciu occurred in larger ¥- ves a similar picture. Some analytical data for the isolated 

:ir u un'o in high-affinity heparin than in low-affinity heparin; . materials are shown in Table 1. Gel chromatography on 
•urthermore. this component was concentrated in the" ahti- Sephadex G-100 of the mucosal arid iui g heparhi t\ actions 

thrombin-binding regions of the high-affinity heparin mole- having high affimtv ur antithrombin gave peak ' partition 

cules, amounting lo approximately one residue p-r binding site. coefficient. K... values of 0.19 and 0.23. respectively, corrc- 

it is suctrestcd tnat noruiilfated l.-iduron:c acid .s essential for. »_ i 'i - .. r i_ . ( - 

the an':co.,'uiant acfvltv o. heparin. The ioca‘;on of the non- s?™d|"S to molecular weights of about lo.000-20.CKM) (9) 

sutfated ut-onie acid in the anliihrombin-binolng sile was de- • AnMhrombm-Diqdmg heparin fragments were ixol=*ea after 
termined by periodate oxidation of antithionibin-hxnding digesting high-affinity heparin tractions will* LaCscrial L- 

fragments containing a terminal 2.5-anhydro-l>fl- 3 H]mannitol parinasc. in the presence of antitHrombin, essentially —s de- 

unit. Tentative structures for antithroinbin-binding scouences scribed [3). Hepaila (about 5 mg) bound to o ml of anti- 

in heparin r:e proposed, including some structural variants / . *hrombin-Sepharose (3— 7 mg of protein per mD was exhaus- 
b elieved to fc; compatible with, but not rei lU iied fur, activity. lively digested with I mg of enzyme. The isolated (6) en- 

Heparin inirede: the coagulation of blood bv accelerating the zyme-resistant fragments showed narro— , single peaks on 

v. -te at which antithrombin, a plasma protein, inactivates the Sephadex G-100 chromatography, with - value o. 00- 

protea-.es of the so-called coagulation c.-cade (1). Binding of ! s T e ‘ or mucosal and lung heparin fragment.). Tins value 
heparin to antithrombi., appears to be art essential part of the ‘"d-ates a niolecular weight in the order of aaC0-o000. cor- 

mcchar^m (1. ' ). The structural basis for such binding is un- responding to six to eight disaccharioe un.ts fsee ref. 6„ . 

chr. C:.ly about one-third of the molecules in heparin prep- ,*1* t,v ? ly * a "‘»*romb.n-b.ndm S frapnenb were isolated 
arations bind with high affinitv to antithrombin and this frac- ■ ^ omaogiap. \ a mn. on. partia. epoyraer^ 

tion (in the following denoted “high-affinitv heparin”) accounts The procedure rnvo.ved 

r • r »- , _ ^ r . » treatment of unfraettonated pig mucos^i heparin wit t* nitrous 

for most or the anLcoagulant actmiy or the unfracUonated acid M described bv Cifone'lli and King (10). except that the 

ma eriaKl-ohCnamc tcrizationof rragments obtained on dt- reaction was carried out at +10= C/and~-as interrupted afer 

gestmg p hepann-anutnrombm complex with bacterial he- 2 mii^The products precipitable-with-A^voI nt eihanol were 

pa.:nase indicated that the ant.thrombm-b.ndmg site in hepann fractionated bv affinitx chromatography on antithrombin 

m "f^ nVO *T.^ Ue c nCe ° f f “ b ? l ’l 1 , 2 T 16 tholicsacchar.de Sepharose (9). Most ot the material consisted of oligosaccharides 

units \b) Recenth . Rosenberg ef of if) claimed that a tetra- .hat were not retained bv a atithromBTri -Sepharose. However, 

saccharide sequence wu.i a A-sulfated glucosamine residue at a si g n jf icaint fraction was absorbed tathe gel; on srac-ntelu- 

its reducing ena -acetylated internal glucosamine unit, and ,i on a pe ak of uronic ac id-containt.:c components, cs-rre- 

orfe residue each ot D-glucuronic and U-iduronic acid would spondir.g to 2-3% of the starting material.* appeared iu the 

represent a critical structural element required for antreoagu- elution position of liigh-aff inity heparin. A portion of the ma- 

lant activity. * * . teria* eluting at ^1 M NaCl was reduced with sodium 

The present study ir.vrlves Lie structural characterization borof^H; hydride (11), Yielding a product (specific, activity m S . 0 

of antithr^mlan-bindine regions from two different types of X 1 O’ cpm per */g uronic aoidi with terminal 2.5-anhvdro- 
henarin, isolated from pig intestinal mucosa and from bovine | l- 3 Himannitol un.’is. The labeled fragments retained a high 
lung, respectively. / . affinity antithrombin (Fig. 1). Gel chromatography showed 

The publication costs of this article werejdefraycd In part by page 5 In view of the presumably random nature cf the deami native de- 
charge payment. This article must therefore be hereby marked * ad- polymerization process this vield. recorded in two separate prepi- 

c-er Use merit*’ in accordance with 18 U. S. C. §17-34 solely to indicate rations, is unexpectedly high. No obvious explanation can b*- given 

this fact. . ' 1 \ atorcsenL . . .. 


MATERIALS AND METHODS 

Materials. Heparin (stage 14) from pig intestinal mucosa -was r 
obtained from inolex Pharmaceutical Division (Park Forest 
South, ILK Heparin from bovine lung was kindly donated by 
the Upjohn Company (Kalamazoo. MI ). Both preparations were : 
purified by repeated precipitation with cetvlpyridinium 
chloride f.om 1.2 M NaCl (S). Samples (50mgJ were fractiou- 
ated by aifiritv chromatography on a 73-mi column ct anti- - 
. ihrombih covalently tinked to Sepharose (9). A typical sepa- 
ration of mucosal heparin is illustrated in Fig. T. lung Heparin 
jetves a similar picture. Some analytical data for the isolated - 
materials are shown In Table 1. Gel chromatography on - 
Sephadex G-100 of the mucosal arid iui g heoarhi Lacttcns ‘ 
having high affinity ur antithrombin gave peak ' partition ‘ 
coefficient, K av , values of 0.19 and 0.23, respectively, corre- 
sponding to molecular weights of about 15.000-20.0^0 (9). 

Antithrombin-binding heparin fragments were rtolc^ed after : 
digesting high-affinity heparin tractions with bacterial. kw- 
?arinas£. in the presence of antitHrombin, es^nti«!ly de- 
scribed [3). Hepaila (about 5 mg) bound to O' ml of anti- : . 
♦hrombin-Sepharose (5-7 mg of protein per ml) was exhaus- 
tively digested with I mg of enzyme. The Isolated (6) en- ' 
zyme-resistant fragments showed narro— , single peaks on 
Sephadex G-100 chromatography, with » JK, V value of 0.C2 . 
(same for mucosal and lung heparin fragment). This value . 
indicates a molecular weight in the order of 3500-5000, cor- 
responding to six to eight disaccharide units;(see ref. 6), . . 

Alternatively, antithrombin-binding fragment were isolated 
by affinity ch r omatoguaphv after random partial depolyraer-/ * 

. izatior. ot heparin with r.urous acid. The procedure involved ~ 
'treatment of unfractionated pig mucosai heparin with nitrous * 
acid as described by Cifonelli and King (10), except that the \ 
reaction was carried out at -bi0 = £J/and «*a s interrupted aTtcr 
; 2 min/ The products. precipitablewith^CUvOi ot ethanol were 
/ fractionated by affinity cliro:iuitography on antithrombin” 

... Sepharose (9). Most ot the material consisted of oligosaccharides 
lhat were not retained by antithromBiri-Sepharose. However, 
a significant fraction was absorbed to the gel; on crad'^nt ehi- ; 
tion a peak of uronic acid-containiv.g components. tx.rre- ^ 
sponding to 2-3% of the starting material, 5 appeared in the . 
elution position of high-affinity heparin. A portion of the ma- \ 
terial eluting at M NaCl was reduced with sodium 
borof^Hj hydride (11), yielding a product (spccifk. activity, L0 
X IQ’ cpm per */g *»f uronic acid i with terminal 2.5-a n hydro- 
| l-°HiiT!annitol un.'is. The labeled fragments retained a high 
affinity far antithrombin (Fig. 1). Gel chromatography showed 

5 In view of the presumably random nature cf the deami native de- 
polymerization process this yield, recorded in two separate prepa- 
rations, is unexpectedly high. No obvious explanation can b*- given 
\ at present. . . . .. . . * . - 
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Preparation / 

T 

^ Uronic acid * 
% 

* Hexosamine,* 
% 

disaccharide* 

^ Anticoagulant 
activity,* 
units/mg 

Pig mucosal heparin * / 
High-affinity fraction* 

33.7 

21.5 

1.94 

259 r 

Subfraction I 

' 

~ 


. — 307 

Subfraction II 

— 


_ 

— , 401 

Subfraction III ' 

— ‘ 

— 


— ; 431 

Low-affinity flection 

36.4 

24.4 ^ 

1.74 

29 v 

Bovine lung heparin 





High-affinity fraction 

28.7 

21.5 

2.13 

237 

Low-affinity fraction 

28.2 

22.4 

2.20 

32 


* Percent of sample v.\:'*ght. not corrected for moisture. The hexosamine values are not corrected for 

losses during nydroL sis. . _ 

f Molar ratios with uronic acid as 1.00. , “ . 

* Determined by the British Pharmacopoeia whole-blood assay (left column), or by the colorimetric 
antithrombin-activation assay (right column). 

* The terms “high -affinity" and “low-affinitv" refer to the interaction of heparir. with antithrombin. 
The separation of the t.vo types of heparin ty aifinity chromatography on immobilized antithrombin 

. is chowr. *n Fig. 1. The infractions of h:gh-affinity heparin were obtained by combining effluent 
fractions eluting at NaCi concentrations between 0.4 and 0.9 M (suhfraction I), 0.9 and 1.2 M (sub- 
fractioi* II), and 1.2 and 1.7 M (subfraction III), respectively. 


a monodisperse component uee F:g. 4); the K av on Sephadea 
G-100 was 0.6S, in reasonable agreement with the value (0.62) 
recorded for antithrombin-binding fragments obtained by the 
enzymatic procedure. . ^ 

C!ycuronosyl-~2,5-anhydro-[l- 3 H]manmtol disaccharides, 
with O -sulfate groups in various positions were obtained as 
described (11). 

Purified" or- :_-iduronidase [specific activity about 120 units 
(12) pe; mg of protein] from human kidney was kindly given 
to us by Leonard H. Rome (National Institutes of Health, Be- 
thescL, MD). The enzyme degraded iduronosyl—*-2,5-anhy- 
dro-(l- 3 H] mannitol 6-sulfate to a labeled product that migrated 
like anhydromarnitol 6-sulfate on paper elecirophorasis ( , l) 
but had no detectable effect on either glucuronosyl-^anhy- 
dro-il- 3 Hj:iianr.itol 6-sulfate or iduronosyi 2-siiifate—^anhy- 
dro-D-[l-"rf jmannito! 6-sulfate. 


fiT 


Analytical Methods. Methods for the determination of 
uronic acid, hexosamine, sulfate, and radioactivity have been 
described ( 13). Gel chromatography of poly- or oligosaccharides S £ 
was carried out as described in ref 6 and 14. . 

Anticoagulant activities were determined by the British 
P?iar macopoeUf whole-bk>od assay (15). Alternatively, the 
antithrcmbm-activating Doteney was determined as described. 
by Laurent et at. (9) and related to that of a heparin preparation. 7 

(3rd International Standard) of known activity. . 

The disaccharide composition of heparin preparation * was 
determined as described ih ref. 1) and outlined in the legend 
to Table 2. . V 

Periodate Oxidation. Periodate oxidation followed by alkali 
treatment and reduction was carried out as described (16). 

RESULTS AND DISCUSSION 



(9) of 50 rn?of pig mucosal heparin (O) mixed with 3 pgof n H-labeled 
antithromlnn-binding fragment (©), obtained by partial random 
o polymerization of the same heparin with nitrous acid isee the text 1 
Kffiuent fractions v.*ere analyzed lor uronic acid (O) or for radioac- 
tivity *©>. The salt gradient (starting at arrow) used for elution is 
indicated by the broken line: In preparative experiments the first two 
peaks of uronic acid-containing material (one of nonausorbed material 
and one eluting at less than M NaCh, representing heparin species - 
essentially' devoid of anticoagulant activity <9>, were combined into 
one low-affinity fraction, whereas material eluting at greater than 0.4 
M NaCi was considered to be of high-atlr*. : ty type. 


In a previous study from this laboratory the presumed anti- : 
thrombin-biriding site or heparin was isolated after digestion. 
of heparin- anti thrombin complexes with bacterial heparinaste ■ 

(6). In the present investigation antithrombin-binding frag- 
ments were als«"» prepared by a different method, involving . „ 

partial, random depohmerization of heparin with nitrous acid 
followed by affinity chromatography, on antithrombin-Seph-^ 
arose. The. size.of the smallest antithrombinTbiriding.fragment., 
obtained by this method was similar to that of the fragments 
obtained by the enzy mafic procedure, corresponding to six to =5?" - - - 
eight disaccHaride units. These results thus confirm our previous"^ 
conclusions regarding the size of the anti thrombin-binding site 
in heparin (6, 9). . v I V 

Evidence presented below indicates that the antithrombin- * 

binding site in heparir* does not consist of a single, unique oli- . 
gosaccharide sequence bul has a variable structure. However, • 
certain regions within this sequence appear to be non variable 
and should therefore be of critical importance to the interaction 
between heparin and antithrombin. One of these nonvm iable... 
components lias been identified as nbHsu! ta ted L- id uronic ucid/^ 
tentatively allocated to position 3 of the binding sequence, f 

; position 1 bt-ing the nonreducing terminal unit. This is illus- 
trated in Fig. 2, which depicts the antithrombin-binding site 
as a tetradecasaccharide sequence (see the legend to the figure). 

The evidence for the proposed struct ure.is based on two types - . 
of expernnents. First, analysis of di- and tetrasaccharides 
formed on deamination with nitrous acid showed a prepon- 
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Fig. 2. Tentative structure for the ar, tit hroinbl a -binding site of pig mucosal heparin. X-^iH.orSOrkTVvThe continuous sequence represents ' 
the majority of the biudirj; sites, whereas the isolated sujiar units below ( at positions 4. 5,'and 131 represent structural variants compatible wit h : 

.(but not required fori anticoagulant activity. The variant unit in posit ihiivlSLhas been indicated as D-gl»‘c**ronic adJ, although it has been identified " v , ' 
«>nlv as a nonsulfated uronic acid residue (see the legend to Fig. 4). The total number of disacch-riJ- units per anti thrombin-binding site has */: ** 
been set at seven, on the basis of gel chromatograohy data tse*- Fig. 4 and the text*, but maynnstead besix*oi*et£ht: such deviations from the 
structure shown should presumably affect only *.he r onion of the sequence to' the right of position 7. The labeled anti thrombin-binding fragments . 
obtained after partial deaml native cleavage of heparin contain 2,5-anhydro-fl- 2 H] mannitol in position 14. For additional details, including ■ : 

explanation of the segments A, B, and C, see the text. ■ v . ..... ’ • 


derance of nonsulfated L-iduronic *c:d in the antithrcmbin- 
' binding site, as compared to other regions.of the heparin mol- 
ecules Second, the position of nonsulfaled urowlo acid residues 
was determined by periodate, oxidation of antithrombin- 
bind.ing fragments hating 3 H -labeled 2,5-anhydromannitol end 
groups (in position 14). 

Composition of Ant I thrombi n-Binding Fragments 

Preparations of heparin or of antithromhin-binding fragments 
were subjected to compositional analysis as outlined, in the 
legend to Table 2. The deamination products obtained were 
largely glycuronosyl— ►2.5-anhydroi ,3 Hjmann: , ’ol disaccharides, 
with the di-O-sulfated species, iduronosyl 2-sulfate- -anhy- 
dromannitol 6-sulfate predominating (Table 2). In addition, 
three different monosuirated disaccharides occurred in the 
deamination products of all samples. One of these disaccharides, 
iduronosyl— ^anhydromannitol 6-sulfate, was consistently ob- 
tained in larger amounts from high-affinity hep^rir.s tft^n from 
low-affinity heparins. Furthermore, the anti thrombin-binding 
fragments gave higher yields of this particular disaccharide than 
did the corresponding high-affinity, hepafiiisi These results 
suggest that the- L-iduronosyl— ^^/'-sulfo-D-glucosaminyl €- 
sulfate dis3ccharide unit is concentrated, in the antithrombin- 
binding regions of heparin molecules. 

In addition to disaccharides, the deamination products, 
especially those derived from mucosal heparin, contained ap- 
preciable amounts of tetrasaccharide (Table 2). These tetra- 
saccharides should have the general structure glycurono- 
syl — iV-acetylglucosaminvl - -'glycuronosyl — -anhydroi^H j- 
rr*annitol (ref. 10: however, see footnote* in Table 2). On in- 
cubation with purified a-L-iduronidase such tetrasacchu rides, 
isolated from mucosal high-affinity heparin, were converted 
to labeled trisaccharidcs (Fig. 3 B) to a larger extent than were 
the corresponding tetrasaccharides derived from low-affinity 
heparin (Fig. 3C). The tv-L-iduronidase-susceptible tctrasac- 


charide, like the iduronosyl^anhydromannitol 6-sulfate di- 
saccharide. was obtained in higher yield (about 70 5$ of the total 
tetrasaecharide) from the antithrombin-binding fragment (Fig. . 
3A) than from the parent high-affinity heparin. Because the ‘ - 
enzyme preparation contained neither /5-gIucirromuase r*o r ■ . 
iduronate 2-sulfatase activity, such tetrasact-ha rides tip *5t have 
nonsulfated iHurdnic »c id reridue* in thTn on reducing terminaLp, - 
: position. The tctal nonsuKated iduronic acid, as represented 
. by the sum of the iduronoryl— ^anliydromannltol 6-sulfate di- 
saccharide and the oc-L-iduronidase-iusceptfhte tetrasacchaiidc 
(See Table z), eauak-d or exceeded one residue per anti- 
thrombin-binding site in mucosal heparin/ This applied 
probably also to lung heparin, judging from the amounts of • ■ / 
iduronos^ l—*anhydromannitol 6-sulfate end tetrasaccharide, 

. respectively, formed on deamination of isolated antithrom- 
bin-binding fragment (Table 2); however, the effect cf rr-L- ‘ : 
iduronidase on the tetrasaccharide could not be properly 
evaluated, due to poor separation of the labeled digestion . ; 

products. - . /•* ■ 

The presence of a nbnsulfated r f^Tdutonic*acid residue, 
sumably In each antithromhin-binding site, and the relative-lack- v: . 
of such residues in heparin moiecuU.* having low affinity for 
antithrombm (see Table 2 and Fig. SI strongly suggest that * 

. nonsulfated L-idirronreacid is essehtiabto the-anticoagulanL-rw 
activity-of heparin-* Exhaustive digestion of antithrombin- 
binding fragment with a-^-idurorudase did not significantly . \ f 

affect its affinity for antithrombin. as shown by subsequent 1 
affinity chromatography (as in Fig. 1 ). suggesting an internal [ 

rather than terminal location fo** the essential nonsulfated j 

iduronic acid. For reasons distrusted below this residue will be [ 


/ Total axioun! of dn^ccharidtr containing nonsulfased iduronic acid 
[4.3 + \0.7 -34/2.'!/IOO = 16*7 of total disaccliaride units. One such 
disacchai.de unit per tetmdecasacch a ride-binding (site would cor- 
respond to 14n of the total disaccharide units. - 
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- fo ble 2 — formed on deamination of heparin fractions 


Preparation 

Mucosa! heparin 

Antithrombin-binding 
fragment 5 (nitrous acid) 
Antithrombin-bindirig 
fragment 5 (heparinase) 
High-affinity fraction 
Low-affinity fraction 

Lung heparin 

Antithrombin-bi»;ding 
fragment 5 (heparinase) 
High -affinity fraction . 
Low-affinitv fraction 


Tetra- 

saccharide : 


- qisaccnaride units recovere d as* f 

Iduronosvl ’ ’ ~ : - — 

-n^T ,ra **“'- i Glucur.-.nusyi— Iduronosvl— ' 

anh.dro.nanmtol .xtahyclrornannitol anhydromannitol 
— “ lfate 6-sulfate 6-sulfate 


35 (1.2) 

; 48(3.4) 

34 (1*2) 

27 

27 

49 (3.5) 
56 

50 

17 (0.6) 

65 (4.5) 


5.9 (0.4) 

6.9 (0.5) 
/• 7.9 

11.0 


5.9 (0.4) 

5.1 

4.8 


4.9 (0.3) 

4.3 (0.3) 

2.8 

1.8 


7.2 (0.5> 

4.6 

1.9 


Iduronosy) 

2-su!fate— 

anhydromannitol 


6.2 (0.4) 

5.3 (u.4) 

6.1 

10.0 


5.0 (5.4) 
6.3 
6.2 


tV— - 

■h 

V UnUS <10) ' H ?'; vever ’ l etrasaccharides raav also be formed bv an anomalmf M acel * Iat ? d dwaccharide units occur svrrounded 

Thl /if 1 d S^cosamine residues are converted into 2-aIdehvdo-D-nentofuranr (deaminenve ring. co.'.irRctij'n) rentier: i.. which 

t The ant irhron^bin^bsnd^n*? S f v * n therefore^rwent maximal vilues. un «» -».*a-. a ge of the glyrssidic bond (17. IS), 

parinase. as indicated. Fur further" ?xp«rimentaJ detiiU^e th? tex"/ 1 ' 3 ' depo,ynlerization of heparin with nitrous acid or with bacterial he. 


alienated to position 3 in the sequence shown ; n Fi«r. 2 The 
adjacent glucosamine residue (position 4) can apparently be 

The h V ^u U . f ^ ed or , A - acet > !a *ed; after deamination-reduction 
the Y-suIfa.ed residues were recovered (as anhydromannitol) 
in -duronosy}— anhydrorr-amitol 6-sulfate disaccharides 
x corres r? ndm- to segment A in Fig. 2). whereas the analogous 
A-ace yritea units were included in letrasaccharides (segment 

,‘r 7 lu , h the slucosarni “ 0 residue at position 4 is N- 
acetyla..-d the following sugar .-nit (no- t> in Fig. 2) will be 
predominantly cr exclusively D- glucuronic acH (19), because 
a glu^rcmc acid .esidue bound to CM of a :Y-a«*v]ated (rather 
I k A ’ s V*J a{ed l ) Slucosamine unit is a poor subst'rate (or not a 
substrate) for the epimerase that catalyzes the formation of 
iduronic a ci d units dur.ng biosynthesis of heparin (unpublished 
fC I' v hen the 8* UCPVir nme residue in position -I is JV-sulfated 
the fohowing uronic acid unit (position 5) mav probably be 

caner glucuronic or iduronic acid. ' ' 

frag r ^ a ^ ox ><^ation of antithrombin-binding 

Taken together, the results presented above indicated that the - 
majority of antithrsmoin-binding sites in the mucosal heparin 

contamed the iduronosyl-AMcetylglucosaminvl-glucuro- 

nosj-I— -A -sulfoglucosaminyl sequence recovered as a tetra- 
cccchande after deamination with nitrous acid. The location 
of the gI.icuroi.osyl moiet>, and hence of the entire tetrasae- 
chande sequence (segment B in Fig. 2) in the antithrombin- 
bindmg site was determined by periodate oxidation An‘i- 
thrombin-omding fragment, isolated after partial deamina.i -e 
cleavage of mucosal heoarin and 3 H-!abeled at the reducing 
end. was subjected to periodate oxidation at pH 7. 37°C. for 3 
hr, followed by scission m alkuli. This treatment should result 
in c.eayage of any rionsulfated uronic acid residues present (16). 
Analysis of the products by gel chromatography (Fig. 4) showed 
that the maierial had been degraded and appeared as essentially 


***]? °* rad | oac -"ty The less retarded fraction 
consisted or a distinct. sh_rp peak at the elution position of a 

TZ' V t U , ndeCaSaCChari;,a - alo "8 "ith a sinalleramount of 
somewhat larger components. The corresponding antithrom- 
bin-bmaing fragments must thus have included a terminal s~- 

ZZZ e °A f ° ur / as assur -- ed in F, g i; or five consecutive di- 
saccharide units containing 2-salf.-*.ed (periodate-resistant) 
uron.c acid residues, followed by a disaccharide unit con- 
^ming a nonsukated (periodate-susceptible) uronic acid -esi- 
mTriT- 10 ^ r,oda ' e - r «>stant region would correspond tv seg- 
ment C in Fig 2. In order to comply with the periodate cleav- 
» erp the gl lucuronosvl moiety ot the tetrasaccl.aride 
' Z Z to above vould have to i.e allocated to nosi- 

tion o. The iduronosvl moiety would then be in position 3. 

f..(d n ISS St* “ u by * 

The additional product? if periodate oxidation, besides the 
major component at 1 03 ml -f f lu t .,t volume (Fig. 4), presum- 

bindlmf o n' at rVt n the structure of the antithfombin- 
antithm w' 7 he . sho V Ider around 90 ml mas- thus represent, 
antithrombin-binding fragments cleaved at position 3 only, due 

^ V’ J 7 a i ed iduronic ac > d residue at position 

legtnd ta F?g. I 6 v ^ <a * 14 ° m!) “ d “"ibed in the 

Concluding remarks ^ 

nVfn " diffe --ent di isaccharide units are present in heparin 

U). Due ; o .he specificities of the enzymes involved in the 

inW ■"* 'fu . epari 7 ‘" 0> * hese * ,nits are to each other 

in a fashion that » onlv partly random: certain combinations 
are favored whereas others are precluded. However, even wi»h 
«^n n ^ er . e " 1 «*‘rictinn, the number of tetradecasaccharide 
sequences lively to occur in heparin molecules must be cx- 

bi relink t' a *?fi ,e . nurn ^j' r of such seriuences canable of 
b.nd.ng to antithrombin ,s obviously smaller (9j but may still 


% 


m 
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. FlC. 3. Ge? chromatogra- 
phy on SephuUex G-15 of 
annydro[ :i H] - mannitol -labeled 
tetrasaccharides, after incu- 
bation with a-L-iduronidase, 
active id) or heat-inactivated 
'O? enzyme. The tetrasac- 
-hai Ides ".ere derived, as out- 
lined in Table 2 , from (hepari- 
nase-produced) antithrom- 
bin-binding fragment (A), 
high-affinity fraction (B). and 
low-affinity fraction (C) of pig 
mucosal heparin. Samples 
120,000—30.000 cpm, about 50 
ng of uronic acid > were digested 
with 0.15 untt of enzyme at 



50 CO 70- SO 
Efflueni voiume, ml 


37° C for 12 hr. in 0.05 ml of 
| 0.05 M sodium acetau- b'-Ter. 

|>H 4.2, containing 0.1 M > T aCl 
! O.«)03 M NaNs. *nd 0.05^ Tri- 
ton X- 100 , The incubation 
products were analyzed by 
j chromatography on a column 
( 1 X 190 cm) of Scphadex G *5, 

I eluted with 0.2 M NII 4 HCO 3 . 

The ondegra<ed letrasacchar- 

90 ides l gave identical elution 
patterns. 


he considerate, as suggested byjhe pw-ert structural analysis 
of antith rombi n-bi n ding hepwrf^fragments. The structural 
variability is probably the reason for the extended elution 
pattern of high-affinity heparin (as defined in Fig. 1) on affirJty 
chromatography. It is not possible at present to fully define the 
variable (in addition to positions 4, 5, and 13) and nJnvari**ble 
(in addition to position 3) regions in the r.ntilhrombln-binding 
site. Obviously, the nonsulfated iduronic acid in position 3 
cannot represent the only structural feature that is essential for 
the high-affinity binding of heparin to antithrombin, because 
such residues occur also in the low -affinity fraction (Table 2). 
Additional r.un variable regions must therefore occur elsewhere 
in the sequence. 

Our conclusions regarding the structural requirements for 
anticoagulant activity differ from those of Rosenberg et r.f. (7). 
The tetrasaccharide sequence (see introduction) implicated in 
their study appears to be essential only to the extent that it 
contributes a nonsulfated iduronic acid residue; the lV-acetyl- 
giucosaminyl-glucuronosyl component would rather represent 
one of the structural variants (at positions 4 and 5 in Fig. 2) 
compatible with, but not required for, activity. The preferential 
association of nonsulfated iduronic acid with this disaccharide 
sequence can be rationalized in terms of the biosynthetic 
mechanisms (see above and ref. 20). Although the data available 
do not exclude that the glucuronic acid component may also 
be required for anticoagulant activity, there is at present no 
reason to postulate such a requirement. 
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Fig. 4. Gel chromatography on Sephadex G-50 (14) of anti- 
thrombi n -binding; fragment from mucosal heparin before (O) and 
after (•) perirdate/alkati treatment. V 0 . void volume. The fragment 
had been obtained b limited depolymerization of mucosal heparin 
with nitrous acid and contained a 3 H-iabeled, terminal a r. hydro- 
mannitol residue (see the text). Comparison with reference oligo- 
saccharides derived from heparin -I ike polysaccharides (unpublished 
data) indicated that the undegraded material is a tetradecasaccharid* 
and the major degradation product (peak elution volume, 103 ml)* 
a nona- or undecasaccharide. Prolonging the reaction time with per- 
iodate to 16 hr did not affect the elution pattern. Analysis of the re- 
tarded peak (at 140 ml) by paper electrophoresis and paper chroma-, 
tography ( 11 ) indicated 30°c anhydromannitol 6 -sulfate and about 
20 *S* anhydromannitol. in addition to unidentified components. Ap- 
parently seme of the anti thrum bin -binding sites must have contained 
a nonsulfated uronic acid residue in position 13 (see Fig. 2). 
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